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Most proteins function in cells where protein concentrations can reach 400 g/l. However, most
quantitative studies of protein properties are performed in idealized, dilute conditions. Recently
developed in-cell NMR techniques can provide protein structure and other biophysical properties
inside living cells at atomic resolution. Here we review how protein dynamics, including global
and internal motions have been characterized by in-cell NMR, and then discuss the remaining
challenges and future directions.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
The cell is the basic unit of life and contains many tightly regu-
lated molecular machines, all of which contain proteins. Dynamics
are essential for protein function. To maintain their proper func-
tion in cells these proteins must operate at the right place and at
the right time. Protein dynamics, including translation and rotation
of the entire molecule, domain reorientation, conformation ex-
change, side chain rotation and bond vibration, occurs on time
scales ranging from picoseconds (ps) to second (s)—over 12 orders
of magnitude [1–3]. To date, numerous experiments have demon-
strated that dynamics are indispensible for all aspects of protein
function, including catalysis, ligand binding and allosteric regula-
tion [4–7].
Fluorescence spectroscopy or imaging is the most widely used
technique to probe protein dynamics in living cells by tagging ﬂuo-
rescent proteins (FP) to the protein of interest [8]. However, the
technique is mostly used to monitor location and the change in
location with time [9,10]. Although FRET (Förster resonance energy
transfer) can monitor protein conformation changes with high
temporal resolution, its currently highest spatial resolution is lim-
ited to 20 nm. Another limitation is that the large size of FP
(27 kDa) can affect the dynamics of the target protein; yet spe-
ciﬁc labeling of target proteins with small chromophores in living
cells remains challenging [11,12].
Nuclear magnetic resonance (NMR) spectroscopy is relatively
insensitive compared to ﬂuorescence-based techniques, but canprovide dynamic information at atomic resolution. Furthermore,
unlike linking FP to the target protein, stable isotope labeling has
negligible effects on properties. NMR is a well established tech-
nique for probing protein dynamics with a myriad of pulse se-
quences capable of measuring motion on time scales from ps to s
[2,4–6,13,14]. Most such experiments, however, are performed
using a single puriﬁed protein in dilute solution; conditions vastly
different from those in cells in terms of both macromolecule con-
centrations (up to 300–400 g/l) and redox properties [15–17]. In-
cell NMR provides an opportunity to capture intracellular protein
dynamics at the atomic level. The critical parameters for in-cell
NMR and its application to protein structure, stability, post-trans-
lational modiﬁcation and interactions have been reviewed [18–33].
Here we focus on dynamics, then discuss the challenges and future
of in-cell NMR studies aimed at assessing protein dynamics.
2. Global motion in cells
Understanding protein diffusion in cells is essential when the
process is rate limiting. Translational and rotational diffusion of
proteins of several sizes have been investigated using ﬂuores-
cence-based techniques. NMR is less sensitivity than ﬂuorescence,
requiring mM concentration. The concentration of the most abun-
dant endogenous protein is 100 lM. The concentration of most
proteins in cells is sub-lM, and protein NMR signals from cells
are usually broad due to increased viscosity and/or non-speciﬁc
interactions [20,23,25,27,34]. Moreover, huge background signals
from other cellular compounds overlap signals from the target pro-
tein, so endogenous proteins in cells are normally invisible, and
only abundant small metabolites are detected. The current practice
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target proteins with NMR-sensitive nuclei so as to obtain distin-
guishable signals. In addition, the target protein is generally
over-expressed (up to mM), which may negative the biological rel-
evance of the results. Nevertheless, some abundant endogenous
metalloproteins contain paramagnetic metal ions that induce large
chemical-shift dispersion, resulting in characteristic NMR signals
separated from other diamagnetic proteins. Histidyl NdH and the
Val E11 !CH3 of myoglobin in cells or tissues are visible [35].
Protein dynamics are reﬂected in the longitudinal relaxation
rate, R1, and transverse relaxation rate, R2, of the observed nuclei.
Both rates are sensitive to global motion. Increased viscosity or
interaction with other macromolecules leads to small R1 values
and large R2 values. If R1 is too small, the magnetization relaxes
slowly between pulses, lowering sensitivity. If the R2 is too large,
the resonances are too broad to observe. In a paramagnetic mole-
cule, R2 depends on the square of magnetic ﬁeld strength. By ana-
lyzing the ﬁeld-dependence of R2, myoglobin and hemoglobin were
found rotationally diffuse 1.4- and 2.2-times more slowly in per-
fused myocardium than they do in dilute solution [35].
Other strategies to distinguish target protein signals from back-
ground include speciﬁcally isotope labeling and target protein
over-expression. Hemoglobin speciﬁcally 13C labeled at the C-2
histidine position was used to measure intracellular viscosity in
erythrocytes. By comparing the longitudinal relaxation time T1 be-
fore and after hemolysis, London et al. found that myoglobin ro-
tates about two times more slowly in erythrocytes than it does
in water [36]. 15N enriched protein GB1 domain (GB1, 6 kDa) over
expressed in Escherichia coli shows resolved cross peaks in two-
dimensional HSQC spectra. Resonance line width is proportional
to global motion and in principal can be used to measure rotational
diffusion. Unfortunately, conformation exchange, sample inhomo-
geneity and non-speciﬁc interactions also contribute. However, the
difference in widths between 15N transverse relaxation optimized
spectra (TROSY) and anti-TROSY spectra, DDtTAT is independent
of chemical exchange and sample inhomogeneity. The Gierasch
group found that DDtTAT for puriﬁed GB1 depends linearly on
the viscosity of glycerol solutions. They used this relationship to
show that the rotational diffusion of GB1 is 8 ± 2 times slower
in E. coli cells than it is in water [20]. This result is consistent with
the observation that the translational diffusion of green ﬂuores-
cence protein in E. coli (measured by ﬂuorescence recovery after
photo bleaching) is slowed 11-fold [37].
19F NMR has also been used to study the diffusion of three ﬂuo-
rine labeled proteins, hexokinase, phosphoglycerate kinase, and
pyruvate kinase, in yeast cells. Comparison of the 19F longitudinal
relaxation times in living cells and in viscogen solutions indicate
that phosphoglycerate kinase and hexokinase tumble two times
slower in yeast cytoplasm than in dilute solution. Signals from
pyruvate kinase in yeast cells were not even detected, indicating
some degree motional restriction [38]. 19F NMR has also been em-
ployed to study over-expressed proteins in E. coli, but quantitative
diffusion measurement were not made [39].
The methods discussed above were used to determine global
protein motion and were based on comparing relaxation rates in
cells to those in viscogen solutions. The approach assumes that
only global motion affects relaxation and that internal motion is
the same in the cells and in dilute solution. This assumption re-
quires validation. If internal dynamics are different in cells and in
solutions, global rotational diffusion will be underestimated or
overestimated, depending on how internal dynamics change. It is
known that intermolecular interactions affect R1 and R2 differently,
so apparent rotational diffusion measured from R1 and R2 will have
different values. Interpretation of global motion from R2 data is
more subject to error because R2 is more sensitive to conforma-tional exchange, sample inhomogeneity and protein weak interac-
tions, which are ubiquitous in cells [38].
Unlike globular proteins, the global motion of intrinsically dis-
ordered protein, is difﬁcult to determine, because their relaxation
times shows only weak dependence on global motion and is in-
stead dominated by local internal motions [40,41]. NMR methods
to characterize the global motion of intrinsically disordered pro-
tein in cells need to be developed.
3. Internal motion in cells
Proteins also undergo local motion that arises from internal
dynamics. These motions occur over a wide range of timescales,
e.g. side chain movement occurs in ps to ns, loop motion in ns to
ls, and domain or subunit motion in ls to ms. These motions have
characterized via their effects on relaxation rate (R1, R2), heteronu-
clear NOE (hetNOE), relaxation dispersion, paramagnetic relaxa-
tion enhancement (PRE) and residual dipolar coupling (RDC),
respectively in dilute solutions [2,3,6,7]. However, protein dynam-
ics have not been measured in living cells, partly because few pro-
teins give high resolution in-cell NMR spectra. Also, such relaxation
data can be ‘‘contaminated’’ by transient weak interactions,
complicating interpretation, which are ubiquitous in cells. The
so-called model free approach for quantifying motional amplitude
(i.e., the order parameter, S2) and timescale (ps to ns) [13,14,42]
cannot be simply applied to protein in cells.
Order parameters and their time scales can be overestimated
due to the presence of protein weak interactions. Li et al. have
developed a method to use product of 15N R1 and R2 to estimate
weak interactions between target protein and crowding agents un-
der crowding conditions [43,44]. This method can also been ap-
plied to in-cell studies. 15N R1 and R2 values for several lysines
have been measured in lysine-enriched TTHA1718 in E.coli cells
[24]. The average value of R1R2 for these residues are 27.3S2,
which exceeds the maximum rigid limit line value of about
19.6S2 at 600 MHz, suggesting minimal interactions between
TTHA1718 and endogenous proteins.
Although it is difﬁcult to obtain internal dynamics data in cells,
in vitro experiments that mimic the cellular environment using cell
lysates or high concentration polymer solutions have been per-
formed. Miklos et al. found that fast dynamics of amides in chymo-
trypsin inhibitor 2 (CI2) did not change in solutions crowding with
poly(N-isopropylacrylamide-co-acrylic acid), where the interaction
between CI2 and crowding agent is minimal [45]. Using 2H relaxa-
tion, Latham et al. reported that the fast methyl side chain dynam-
ics of calmodulin (CaM) in 100 g/l cell lysates are very similar to
those in dilute solutions [46]. However, it must be borne in mind
that for such experiments, there is a negligible contribution from
weak interactions because of the dominance of the quadrupolar
interaction. These authors also used relaxation dispersion experi-
ments to measure motions on the ms time scale and reported sig-
niﬁcant processes in apo-CaM and Ca2+ bound CaM in lysates that
are absent in buffer alone. These ms dynamics are the result of
sampling of a metal bound intermediate, not from the interactions
with endogenous E. coli proteins [47].
4. Perspectives
The dynamic nature of proteins is essential for their function,
and protein function depends on environment. Thus, how the
cellular environment affects these dynamics is a major concern.
Can mimicking the crowded cellular environment provide
biologically-relevant information? Are the internal dynamics the
same in cells and buffer? Answering these questions requires
new experimental techniques and methods.
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tein dynamics at the atomic level, but several obstacles remain.
First, few proteins provide high quality NMR spectra inside cells.
Second, in-cell NMR is limited by the life span of the cells in the
NMR tube, which can be much less than the time required to ac-
quire high quality relaxation data. Even if cells do not lyse, then
may leak the target protein into the media during the NMR exper-
iment, producing artifacts [48,49]. Third, the relaxation data can be
‘‘contaminated’’ by protein interactions, complicating interpreta-
tion. Fourth, PRE and RDC experiments, requiring speciﬁc para-
magnetic labeling and molecular alignment, are difﬁcult to
implement in living cells. To overcome these limitations, high sen-
sitivity and high resolution in-cell spectra must be obtained and
‘‘interaction free’’ methods must be developed. In addition, site
speciﬁc labeling, high ﬁelds and cryogenic probes, fast acquisition
schemes and new data process methods need to be combined to
enhance sensitivity and resolution. Perhaps most importantly,
these new methods must be insensitive to weak interactions.
Size limitation will always be present in solution NMR because
line widths and internal dynamics are coupled to the total correla-
tion time. Solid-state magic-angle spinning (MAS) NMR does not
have a correlation time problem. Instead, the method requires
immobility. Recently, several groups have shown that the ultracen-
trifugation accompanying fast MAS can immobilize soluble pro-
teins at the rotor wall. High quality solid-state like NMR spectra
of transiently sedimented molecules can be obtained, overcoming
the size limitations of solution NMR [50,51]. In-cell solid-state
MAS NMR may therefore be a useful tool to study the structure
and dynamics of soluble large protein complexes in cells [23]. An-
other advance is the recently shown feasibility of using solid-state
MAS NMR for detecting membrane proteins in native cell mem-
branes [22,52–54] and living E. coli cells [18]. Background signals
can be suppressed by advanced isotope labeling strategies and
more elaborate multi-dimensional experiments. Dynamic nuclear
polarization has also been applied successfully to improve sensitiv-
ity in studies of membrane proteins in native cellular membranes
[54]. Compared to solution NMR, the most attractive aspect of
using solid-state NMR to probe protein dynamics is that overall
tumbling is absent and protein internal dynamics can be derived
from longitudinal relaxation, dipolar coupling constants and chem-
ical shift anisotropy (CSA) line shape [55]. These advances raise our
optimism that it will be possible to study protein dynamics in nat-
ural environments.
5. Conclusions
The ultimate goal for protein science is to study proteins in their
natural cellular environment in the post-reductionist era of bio-
chemistry. Although many advances have been made for in-cell
NMR, studies of protein dynamics are limited. We believe in-cell
NMR is an ideal technique for studying protein dynamics at atomic
resolution. Nevertheless, concerns, challenges and limitations re-
main. Developments in instrumentation, isotope labeling, pulse se-
quences, fast acquisition schemes and data process method will
enable protein dynamics studies in cells and expand the applica-
tion of in-cell NMR.
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